Abstract
Introduction
The automated resource planning and scheduling technologies of payload have great promise in reducing payloads cost and increasing the autonomy of earth observing satellites. To carry out various missions, a satellite is equipped with kinds of payloads generally, which share in the resources on the satellite such as power and memory. And the resources on the satellite are always limited, so a resource planning and scheduling is required to optimize the scheme of resources [1] . Planning is the selection and sequencing of payloads such that they achieve on their goals based on planning criteria and constraints. Scheduling selects among various plans and allocates resources for each payload which must obey the temporal restrictions between payloads and the capacity limitations of a set of shared resources [1] .
The aim of a planning and scheduling is to search an optimal solution to make full use of the resources and to carry out the missions to obtain maximum gains. Consequently, various search algorithms have been introduced. Fukunaga introduced a framework for automated planning and scheduling of spacecraft control and operations named ASPEN [1] . Globus employed evolutionary algorithms to schedule earth observing fleets [8] . A stochastic greedy search algorithm was introduced in [9] for planning and scheduling for fleets of earth observing satellites. The planning and scheduling was modeled as a combinatorial optimization with dividing the planning and scheduling period into several discrete pieces in [10] , [11] , [12] where particle swarm optimization and differential evolution algorithms were employed. Among the search algorithms, the evolutionary algorithms have shown their superiority in solving complex planning and scheduling problems. This paper introduced a novel evolutionary algorithm named plasmodium evolutionary algorithm (PEA) which was derived from the propagation and evolution of plasmodium [7] , [8] . PEA is a co-evolutionary algorithm in which plasmodium (individuals), humans (hosts), and mosquitoes (vectors) make up a micro ecosphere in which plasmodium keep on evolving.
Model Problems

Dividing the Planning and Scheduling Period to State Intervals
In the real word, for a satellite, the resource cost of each payload is always invariable, while the resources and the spacecraft states change continually, which will result in reallocating the resources. Hence, to be compared with the design of arrangements of the payloads, where payloads are governed primarily by the availability of assets, it is more complex to arrange payloads primarily based on the availability of consumable and replenishable resources in non-time-order, because this requires a total re-integration of the sequence when a payload is added or when a constraint is checked [9] , [10] . In order to make the planning and scheduling easy to implement, the planning and scheduling period is divided into several pieces called state intervals and the payloads are arranged in time-order, which allows the integral constraints or integral states to be handled incrementally [10] , [11] , [12] , [14] . The boundaries of each interval are the moments the resources or the states of the satellite changes. The state of a payload is modeled as a variable equals to 0 or 1 represents inactive or active, respectively, in any given interval. At the beginning of each interval, the state of each payload is arranged and at the end of the interval the planning and scheduling algorithm will provide a new arrangement based on the alteration of the resources, states and constraints [11] , [12] .
Resources and Constraints
There are kinds of constraints, such as resource constraints, spacecraft state constraints, time constraints and connectivity constraints and so on, and only the spacecraft state constraints and resource constraints are discussed in this paper. The former consists of the satellite pose and the sunlight condition constraints and the latter consists of power and memory constraints. The spacecraft state constraints are the necessary conditions under which the targets are to be imaged, i.e. it should be obeyed unconditionally, once any payload can not satisfy any state constraints, it should be shut off and assigned no resource. The power is a kind of replenishable resource which can be released when the payload is shut off. The memory is a kind of consumable resource, which will not be available until the data in it is sent through the downlink. Hence the memory constraints also depend on the data flow between the satellite and the ground. Both the two kinds of resources are shared among the payload [10] , [11] , [14] .
The proactive strategy is employed to handle the constraints, where during the planning and scheduling, the constraints are dealt with in two phases. In each state interval, the spacecraft states constraints are checked in the first phase, those payloads fail to satisfy the constraints will be turned off and will not be calculated in the second phase. The left payloads will be schemed under the resource constraints with the particle swarm optimization in the second phase.
Planning and Scheduling Objectives
The worth-based scheduler is employed in this paper, which places the payloads on a schedule to maximize the total worth of the schedule [12] , [14] . The payloads are equipped to implement missions with different importance, based on which different worth are assigned to the payloads. In addition, the earth observing satellite have a characteristic that it will cover the same targets periodically and the redundant data from the same targets presents less worth. To address the problem, a dynamic worth adjust operator was introduced in [10] , [11] , [12] , [14] , where an initial worth is assigned to each payload at first, and the worth will be adjust based on the how many times the targets have been observed by the payload. Since the arrangement is implemented at the beginning of each state interval, the worth will be updated at the moment based on the former state intervals.
Resource
The Mathematical Model of the Planning and Scheduling
With the analysis above, the planning and scheduling can be modeled as a constrained optimization problem to maximize the object function under given constraints, which can be formulated as solving the object function as follows. 
The Plasmodium Evolutionary Algorithm
The Evolutionary Behavior of Plasmodium
Plasmodium is the pathogen of malaria, whose particular evolutionary behavior makes it has been one of the most serious epidemic in the world. There are mainly four kinds of plasmodium viz., Plasmodium vivax, Plasmodium falciparum, Plasmodium malariae, and Plasmodium ovale. Although there are some differences among those kinds of plasmodium, their general characters are prominent which makes plasmodium is very hard to be eradicated. Plasmodium parasitizes in humans (hosts) in which the individuals will proliferate, and at last gametocytes will take shape. And then, when a mosquito bite a human and suck blood, the gametocytes will come into the mosquito in which spore will arise. The spore will be injected into humans when the mosquito bites [7] , [8] .
The details of the life history of plasmodium are given as follows: 1. A mosquito with sporozoites (children of plasmodium) bites one or more human, at the same time, a part of sporozoites will enter into the human.
2. The sporozoites will grow into trophozoites, when the trophozoites mature; they will propagate into multiple individuals called schizonts in which variation occurs.
3. Only a part of schizonts (with higher fitness) will keep on growing, and become gametocytes. 4. Once a mosquito bite the human, a part of gametocytes will go into the mosquito. 5. Each two gametocytes in a mosquito will integrate into a sporozoite. 6. When a mosquito with sporozoites (children of plasmodium) bites one or more human, at the same time, a part of sporozoites will enter into the human.
These behaviors will repeat endlessly.
The analysis of the Evolutionary Behaviors of Plasmodium
With the behaviors given above, it can be seen that the evolutionary behaviors of plasmodium have the following characters:
1. Co-evolution It is known that a mosquito always bite multiple human, and at the same time, a human always be bitten by multiple mosquitoes. And then, different gametocytes from various human will crossover to generate sporozoites in mosquitoes to perform gene recombination. On the other hand, mosquitoes will carry those sporozoites and spread them to more human to perform population migration. This co-evolution mechanism can improve the global search performance, effectively [11] , [12] .
2. Local search based on evolutionary strategy algorithms The monosexual fission of trophozoites in human will generate vast schizonts with tiny variation which is similar to the evolutionary mechanism of evolutionary strategy algorithm [16] , [17] . This mechanism can provide local search performance.
3. Gene recombination based on genetic algorithms The crossover of gametocytes in mosquitoes is the same with those of genetic algorithms. The crossover can recombine genes from different individuals to generate offspring for global search [18] , [19] .
Consequently, PEA is a novel co-evolutionary algorithm combined with the mechanisms of both evolutionary strategy algorithms and genetic algorithms.
The frameworks of the plasmodium evolutionary algorithm
To build PEA, the first work is to simulation the topology of mosquitoes and humans. That is, how many mosquitoes and humans in the system, and which humans a mosquito can bite. To simplify the algorithm for implement, this paper assumes that the number of mosquitoes and humans are equal. The humans are in a circle topology, where a mosquito can bite only three humans with serial numbers, where the sporozoites will be injected into the three humans averagely with random sporozoites selection. At the same time, the gametocytes will be shared by three mosquitoes averagely.
The flowchart of PEA is given as follows: 1) Randomly generate initial solutions: NS sporozoites in M mosquitoes, and NG gametocytes in M humans 2) Mosquitoes Bite humans 2-1) Each Mosequito select NS/3 sporozoites and inject them into three humans respectively. 2-2) At the same time, the NG gametocytes in each human will be sucked by three mosquitoes averagely.
3) In the humans: 3-1) Calculate the fitness of the sporozoites, the individuals with fitness are called trophozoites 3-2) The schizogamy propagation operator where each Trophozoite propagates into NM multiple individuals called schizonts with mutations.
3-3) Calculate the fitness of the schizonts 3-4) Select NS best schizonts which will grow into new gametocytes.
4) The sexual propagation, where the mosquitoes, gametocytes will be combined into new sporozoites. 5) Go to 2) 6) Finish when it meets the maximum generation steps
In the flowchart, the most important steps are the schizogamy propagation operator and the sexual propagation operator.
1) The schizogamy propagation operator In the schizogamy propagation is a phenomenon occurs in the Sporozoa including plasmodium where a trophozoite will proliferate itself into multiple schizonts will similar chromosomes to the trophozoite.
In PEA, to enhance the stability, each trophozoite will generate a schizont will the same chromosome with its self, and then it will proliferate into NM-1 schizonts with allosomes which is defines as follows:
For a trophozoite (solution) X, each component of X will mutate with a probability pm:
Where r is a random number uniformly distributed in [0, 1]. Irand is one dimension randomly selected from X which is used to ensure a schizont has at least one gene different from its parent.
To avoid duplicates of schizonts, after all the schizonts have been generated in a human, a clear duplicates operator is employed given as follows:
for i = 1 : schizontPopulation for j = i+1 : schizontPopulation if schizont(i)== schizont(j) randomly generate a new schizont(j) end end end
Figure 1. Clear duplicates
This logic does not make 100% sure that no duplicates exist, but any duplicates that are found are randomly generated, so there should be a good chance that there are no duplicates after this procedure.
2) The sexual propagation operator A male gametocyte will select and enter into a female gametocyte to become a sporozoite. In this step, the chromosomes of the two gametocytes will be recombined. This kind of gene recombination has been researched in genetic algorithms as crossover. There are various crossover methods, such as point crossover, multiple point crossover and so on. PEA employed the multiple point crossover which has been proved to provide better global search performance. [18] , [19] 
The simulation and Analysis
To deal with the constraints of the planning and scheduling problem, the stochastic ranking method (SR) is employed, which was introduced by Yao [17] . In SR, a parameter Pf is employed to adjust the probability that two solutions only are compared with objectives. Consequently, few infeasible individuals with high quality objectives will remain in the population to attract the other individuals to find high quality feasible solutions. The stochastic ranking can be given in Fig.2 , where λ is the number of particles, U(0, 1) is a uniform random number generator and N is the number of sweeps going through the whole population. P f is the probability to compare particles only with objectives and is set to 0.45 in the proposed approach. I is the individual's index. To validate the feasibility and effectiveness of the proposed PEA approach, PEA has been implemented to a simulative earth observing satellite equipped with 6 payloads [11] , [12] . Where mosquitoes and humans is 4, each human can hold 6 sporozoites, and each trophozoite can proliferate into 4 schizonts, and in each human the best 12 schizonts will grow into gametophytes. The other parameters are Pf =0.45, pm = 0.1, the maximum generation is 50. And then, the maximum valuation of fitness is 4,800. The parameters of the payloads and the satellite are list in Table I and Table II . The planning and scheduling period is divided into 3 state intervals, in which the satellite will cover the 1st area, the 2nd area and the 1st area in turn. In the second interval, the satellite will send data to the ground station with costing some power. In the 3rd interval, the downlink will release the power, and the available memory will increase because of the data transmission in the former interval.
The simulations results with and without the worth adjust function are list in able III and Table IV . Our approach provided the both optimal solutions the same with [11] with only 4,800 valuation of fitness, while there were 12,000 valuation of fitness in [11] , [12] . Moreover, it can be observed from Table III and  Table IV that all the constraints are satisfied for the both cases with and without the worth adjust function.
Conclusions
This paper introduced a novel evolutionary algorithm derived from the plasmodium evolution which is a co-evolutionary algorithm with effective search performance. The proposed approach was employed to solve the resource planning and scheduling of payload for earth observing satellite which is a complex task with various variables and constraints. The simulation results have shown the feasible and effectiveness of the approach to maximize earth observing data collection under constrained resources besides avoiding collecting redundant data from the same targets.
